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© Method and apparatus for fabricating mlcroienses on optical fibers. 

~ . Mri — n« with a nrocess and apparatus for fabricating microlenses on optical fibers. A pulsed 

© This mventon ^ to Mother so that the laser beam is incident 

h ^ the S It JSTanTJS teZ^W axis of the fiber. The angle is selected to 

rnV£2^^ ^^T*£L and fi*g of the end ^^^^ 

attain 3 08S,re ° anH fhB laser relative e ach to another results in progressive engagement of the 

l^TJZZ^T l ast to a^2Sd d^ce seas* produce a short taper w«h a ,** * the 
end ^ ^d^mSlimcnt. i. fiber rotated about its axis with.n a of the ho^r wh«* 

mo^ tSf endSorfon of the liber into and through the laser beam resulting ,n the sa,d lens. The prec.se 
repeatability of the lens formation may be controlled by a computer. 
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Technical Field 

The present invention relates to a method and apparatus for fabrication of microlenses on optical fibers. 

Background of the Invention 

Optical fiber communication is a rapidly developing and maturing technology. Currently, optical fiber 
technology Is being implemented in local area networks, long distance terrestrial systems and even longer 
Submarine systems. As the area serviced by these communication systems elands. *e number 
of fiber connections is also increasing, thus creating the need for improved fiber connects and couplers 
having low loss end minimal distortion, it is especially desirable to attain a maximum ogui^ «n««B^ 
liqht from transmitters, such as semiconductor lasers, to microlensed fibers and from the microtensed fibers 
Sd£m For example, see the article by Q. Wenke and Y. Zhu entitled "Comparison J^a^y - J 
Feedback Characteristics cf Techniques for Coupling Semiconductor Lasers to Single-Mode piDers in 
Applied Optics. VoL 22. No- 23.1 December 1983, 'pag*es 3837^844. 

~ S ' mall lense s with relatively high coupling efficiency may be prepared by forming a tapered fiber and 
heanna the end of the taper, for example, with an electric arc. Etched tapered fibers are prepared by 
etching off the cladding from an end portion of a fiber with buffered HF resulting in a taper and 
subsequently forming the small lens at the end of the taper. Drawn tapered fibers are prepared by 
simuteneZ drawing and heating of a section of a fiber In an electric arc The length of 
can be controlled by the amount of heating and by the drawing speed. After the constricted portion ms 
melted off, electrode arc heating produces a microlens at the end cf the tapered fiber. In some cases, the 
microlens is produced by dipping the end of the tapered fiber into a melt of high-index glass. An article by 
K. Maflwssek J Wrttman and a Keil entitled "Fabrication and Investigation of Drawn Fiber Tapers with 
Soherical Microlenses" in Journal of Optical Communications. Vol. 6 (December 1985) 4. pp. MjM48, as 
Smiu sSSfnSBSjBBTM on January 21, 1989 to K . Keil et al. and U.S. Patent 4.589.897 Issued 
on Mav 20 1980 to K. Mathyssek et al.. discusses drawn tapered fibers with microlenses. 

However, while such lenses may possess relatively high coupling efficiency, these two processes do 
not lead to truly reproducible results due to a number of production inefficiencies. Among the ineftaenoes 
are the wear of arc electrodes as the period of their use increases and a difficulty in forming lenses on 
certain fibers which may not be symmetrical. An example of such a fiber could be a stalled D-fiber in 
S a segment of the cladding Is removed on one side of the fiber. Another example could be a 
polarization preserving fibers for which microlens formation presently is difficult if not impossible. 

It Is. thus, still desirable to fabricate microlenses on the optical fibers in an efficient and a contnUlably 
reproducible manner. 
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Summary of the Invention 

This Invention is a process and apparatus for fabricating microlenses on optical fibers. In accordance 
with the invention, an end portion of an optical fiber is subjected to the action of a pulsed laser beam which 
in a single operation forms a taper on the end portion of the fiber and a microlens at the end of the taper. 
The beam ablawa progressively the circumferential periphery of the end portion of the fiber into a taperwtth 
simultaneous formation of the lens. The laser and the end portion of the fiber are arranged relative each to 
another so that the laser beam is incident on the end portion of the fiber at an acute angle fl to the 
longitudinal axis of the fiber. The angle is selected to attain a desired curvature of the lens and to avori the 
oossibility of the lens drooping toward the laser. In the preferred embodiment the fiber which .s rotated 
during the fabrication, is supported within a through-passage in a fiber holder, the diameter of the passage 
being only sufficiently greater than the diameter of the fiber to permit rotation of the fiber wrthoiitjamer 
undue friction or undue peripheral movement of the fiber radially of the passage. The fiber holder is 
secured on a micropositforier which may be suitably controlled for moving the fiber into and through the 
laser beam- For precise repeatability of lens formation the microposttioner may be conveniently controlled 
by a computer, such as a Personal Computer (PC). The process and apparatus permits precise shaping of 
microlenses in a reproducibl fashion. 
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Brief D scriptton of the Drawing 

FIG. 1 discloses a laser micromachining apparatus for producing microlenses on * nd of an optical 

» fiber ' sir 9 rfKscioaes an enlarged view of a portion of the apparatus shown in FIG. 1- 

SS. I dSS TtSimensional temperature distribution in a fiber after a laser pulse for vanous 

^ RaJ'disoloses a schematic representation of a photograph of a CO, User micromachined taper and 

, 0 miCTOl S. 5 discloses a schematic representation of a photograph of an etched tapered fiber and a laser 

"""St* dieses a Corson of measure, microns *" *« * 

microlens formalion on a 5DSM Optical fiber when coupled to a 1.3 urn DCPBH Laser. 

is Detailed Description 

FIGS. 1 and 2 show an exemplary embodiment of an apparatus 10 for fabrication of a microlens at the 

ond of a sinole-mode optical fiber 11. ,. ^ „,„ ^ «f 

" Aooaratus 10 includes a micropositioner 12 with precision step P .u B «irr«..y=m«..,^. "~ --V" 

Apparauis lu irrcnjv * . micropositioner and provided with a through-aperture 14 having 

SSntS TtirS * ^S£5 expounded. Such as dlagonai. direction. The micropos.boner may be 

controlled " *» longitudinal axis, the fiber is mounted in a suitable 

To provide ^o^cnofopbcal fiber ^ «~^ n ^ fl of ^ suHabte means known 

per to «uiwi r- rotated within a range of from 100 to iuuu rpm. 

tT^P^o JSJEr « S aperture 14 arrangsd lengitudlna! ly - l-Jr «JJ 
STon? a^Svely Sort portion of the free end portion of the fiber projects from of 
oTthTfree end portion projecting from the holder should be sufficiently long to permrt formation of a 
e'nd Sereof. Ji* so long as to resuU in a possibte eccentricity of rotate of the portion 

^TSSsTg of the fiber during rotation, the diameter of aperture H Is selected to , pemrt free 

rJ^SeS wihin the aperture wLut undue friction *^?^£1^*£'FSL 

mifluw ... i¥ ._ + __ - aoerture 14 mav be up to 2iim greater than the diameter of tioer 11. mis 

^^tS^^ ^^i with up to 1 U«i accuracy without quiring great precision 

*ZZ^ZS^ as having oniy one ttrough aperture 14. However, the holder may be provided with 
Holder 13 is ehown as raving °™Y ^ may be of a Meter* diameter to accommodate 

~ rrv ***A from one fiber to another with a minimum loss of down tme. 

^^STiSS in a spafJal relationship to the fiber, is used for micromachining amlcrotens 
* p ^7 n ^f ftl , „ ^T, i Laser 16 is provided with suitable optical means 18 and 19 for focusmg a 
T 5fJl if fST HoW^3 and las*r 16 are positioned relative each to another so that the 

ESS %?£Tm~» angle « to the longitudinal axis of the 

TTdQT H£*rtf whether the beam Is directed toward the face of the end portion of the fiber or 
from the opposite direction, toward the periphery adjacent to the end portion. COfaB ^~ Mv 
T^ Smachining of mlcrolenses is carried out in this ex.mpia^ = a^aled^ 

HP wave n U ide C0 2 laser emitting 25 watts. Using radio frequency excrtahon. rather *an •P™"™*" 
Z£E this lype ofteser requires no external gas source, and requires cooling only by an air-coofed heat 
SS 1 Cached to 7Z waveguide tube. The entire laser. Including heat sink, is roughly 10 cm. x 

fem^ 9 2 2 SS%? «•*• < 8.8 kg. (15 lbs.) and can be mounted direcfly on an 

% iS^SSSA driven with an extemaTpower supply 

^Station. The excttatjon radiation is linked In a known manner to an extemar ™duMMr ft* snown). 
laser ouw to be puteed under external control with pulse times as short as ten Usee. 
Tta la£ ^£?l0.rum vSelength. goes through a 4X beam expansion, is deflected 90 degrees 
at i rand^e?*rough focusing lens 19. such as a 7JB cm- (24 Inch) focal length zmc selen.de lens. 
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The focused spot radius is - 1 5 lim, with the greatest energy density concentrated within a S mm radius 
spot The focused power density is 7.1x10"^ / urn* at the center of the focused spot 

U S. Patent 4. 710,605 issued on December 1. 19B7 to H, M, Presby teaches the use of a pulsed laser 
beam for flash evaporating portions of the periphery of optical fibers so as to prepare taps, couplers and 

6 mode mixers directly on the fiber. A segment of the laser beam engages an outer periphery of the fiber in a 
direction perpendicular to the longitudinal axis of the fiber with an intensity and duration of pulses selected 
to progressively ablate and remove the material of the fiber without redeposttion. The primary purpose of 
the patented process is the removal of elongated sections of the periphery of the fiber and not the forming 
and melting of an end of a fiber into a tens. An attempt to utilize the teachings of this patent for 

to reproducibly manufacturing mlcrolenses would be unsuccessful, at least due to an inability to precisely 
control the eccentricity of the lens position on the fiber and drooping of the lenses toward the laser. 

Laser 16 is pulsed using external pulses of 30 usee duration, at a repetition rate of 333 Hz. The duty 
cycle of the modulating pulses is therefore 1 :lOO f but the time constant for turning on of the laser is roughly 
30 usee, so the time averaged power output of the laser is roughly 200 mW. Trie fiber is rotated within a 

15 range of from 400 to 600 rpm. preferably at about §00 rpm. These parameters yield good results with the 
beam characteristics used. For some other beam characteristics, suitable operating parameters may be 
determined by a simple trial-and-error experiment 

Optical fibers generally Include a core, a cladding and an insulation. Typically, the core and the 

. * , ,. ^ . _i« ( _ „ i_ M „, :„ * nn..i+;_j-n<-.r-lA nn+iVval fiHdf the* nirtw rliamnter nf the 

Ciadaing GUTUIJtlce* aitiwe* « cm tyicnuuyw v* "it «* miv* ""w—w u> r .- — -. 

insulation is about 225 micrometers and of the cladding about 125 micrometers. The diameter of the core In 
a single-mode titer is about 10 micrometers and in a multi-mode fiber about 50 micrometers. A convenient 
manner of positioning fiber 11 in the aperture 14 so that only a predetermined length of the fiber projects 
from holder 13, is by making the diameter of the aperture 14 only up to 2 urn greater than the diameter of 
the cladding of the fiber. In operation, the Insulation of the fiber is stripped from the end portion of the fiber 
as and the portion of the fiber without the insulation is inserted into aperture 14 so that the insulation abuts the 
holder and a predetermined length of the free end portion projects from the holder. The fiber may project 
tor a distance greater than that needed for the formation of the taper with a lens thereon. Any excess length 
may be cut-off by means of the laser beam prior to the formation of the tens. The edge of the cladding not 
only limits the length of the insertion of the stripped portion of the fiber into and through the holder, but also 
30 acts as a stop against any forward movement (toward the laser beam) of the fiber in the longitudinal 
direction during rotation. The reverse movement of the fiber during rotation is prevented by the spinning 
fiber itself- The -fiber is provided with a slack between the holder and the spinning device so that during 
rotation any tendency of the Rber for moving in the reverse direction Is avoided- Numerous other ways for 
limiting longitudinal movement of the fiber relative to the holder may be devised. In cases where it is 
3S desired to retain the cladding, the forward movement may be restricted by means of a collar positioned on 
the fiber so as to predetermine the length of the fiber projecting from the holder. Alternatively, the fiber may 
be inserted into a tightly fitted sleeve which is relatively positioned in the holder, while being restricted from 
any movement longitudinally of the holder. 

In preparing a microlens at the end of a fiber, an operator strips the jacket insulation from the free end 
portion of the fiber to be lensed, inserts the stripped portion of the fiber into holder 13, aligns free end 
portion 17 of the fiber with the laser beam 20 and initiates the movement of the holder 13 so as to move the 
free end portion into and through the laser beam. The direction and speed of the movement of the fiber and 
the angle of incidence of the laser beam onto the fiber are preselected to result in a desired taper at the 
free end portion of the fiber and curvature of the lens being formed at -me end of the taper. 
46 Although manual or servomotor control could be sufficient for producing individual microlenses, precise 
repeatability of ihe machining operations may be obtained by computer control over, and recording of, the 
movement sequence. For this purpose, controller 15 is linked to a PC, denoted generally as 21, such as an 
AT&T PC ©300. via an RS-232 interface, over which movement control commands could be sent A 
controlling program, written in QW-BASIC. allows direct operator control over the controller. dir>- operator 
control with simultaneous recording of the specified command sequence, or execution of a pte-recorded 
sequence of movement commands. Using this system, series of commands required for the formation of a 
given radius of microlenses could be stored in a date file, recalled, and executed at any time. Therefore, an 
operator's frivol /ement in the microlens fabrication is reduced to stripping the insulation from the end 
portion of the fioer to be lens** inserting the stripped portion of the fiber into holder 13. aligning the free 
55 end portion 17 of the fiber with laser beam 20, and running me program. The program executes the 
movement command sequence, and. at the end of the program execution, the microlensed fiber is removed 
from the holder. Total fabrication time is short, on the order of 2 minutes, limited by the transfer speed of 
mjcTOposftiQner 12. 
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A particularly useful characteristic of the micromachining process Is that the process simultaneously 
induces both ablation of the surface and heating of the underlying material. Heating is decreased by the use 
of shorter more int nse pulses, but Is never entirely insignificant The characteristics are beneficial, since 
formation of fiber microlenses requires both cutting away of cladding material and melting of the core end- 

5 face for lens curvature formation. 

. Upon contacK with silica glass, such as that used in optical fibers fabrication, the 1D.6 um radiation of 
the CO* laser is absorbed essentially at the surface of the fiber. Beyond this point two effects occur, glass 
at the surface is raised above its vaporization temperature OW), evaporating away, and heat is conducted 
into the material of the fiber. The longer the surface of the fiber is maintained at W the greater is the 

to depth of the material within the fiber which is raised above the melting temperature (T ra8 i,) of the glass 
material. Sufficiently intense, short pulses can cause ablation of tJra surface with minimal melting of the 

underlying material, . . 

RG 3 represents a three-dimensional chart of a temperature distribution in an optical fiber after a laser 

pulse for various pulse lengths. Hie chart was prepared assuming the following parameters for the beam 
ie and glass 

Beam Power P^nnr = 25W 

Focused Beam Radios w D =15 um 

Glass Density p =2£ gm/cm 3 

Thermal Conductivity * -i .47x1G~~- J/seccm. C 
so Specific Heat C p =1.05 J/gm. ' C 

Vaporization Temperature T vap =2000 C 

Melting Temperature Tmnii =1600 C 

For the 25W laser used in the illustrative embodiment, which was focused to a Gaussian beam 15 Um 

spot radius, the maximum intensity U incident upon an area of the glass surface with a single intense C0 2 
26 laser pulse is given by 


30 


— — r (i) 

*KA/2- ) 2 


At this intensity, the time required to bring a section of glass 1 um deep from room temperature to the 
evaporation temperature (from 20 degrees C to 2000 degrees C), is less than 0.1 usee, so that conductive 
and convectjve heat transfer have little time to operate. However..as the pulse goes on. heat is conducted 
36 into the fiber causing deformation of the fiber due to surface tension acting on the liquefied glass. This 
shows the necessity for selecting pulses which are sufficiently intense for causing ablation of the matenal of 
the fiber and yet sufficiently short to produce the lens by heating the end portion of the fiber with minimum 

material deformation. ^ 
The laser lens-forming technique according to this invention may be adapted for forming lenses at an 

40 end of an etched tapered fiber or a drawn tapered fiber. To form a tens at an end of a fiber tapered by such 
prior art technique, the tapered fiber is inserted into aperture 14 of holder 13, and, while the fiber Is being 
rotated, the lens is formed by applying the pulsed laser beam to *e end of the etched tapered l fiber in the 
manner described with reference to the illustrative embodiment. The use of laser beating rather than electric 
arc heating for etched tapered fibers or drawn tapered fibers can yield significantly more consistent 

45 microlens curvature, with minimal change in current fabrication techniques. Microlenses fabricated using the 
laser micromachinlng show excellent laser-fiber coupling, and may be more circularly symmetric than 
lenses formed by other techniques. For microlenses formed using the laser-melting technique of etched or 
drawn tapers, ihe laser provides a stable and consistent heat source for melting the fiber tips, resulting in 
greater repeatability in lens fabrication than with the electric arc-melting commonly used. 

50 Typical structures of laser micromachined lenses and etehed-tapered laser-melted tenses are shown in 
FIGs 4 and S, respectively. Assuming that the lens is centered on the fiber core and that the core is not 
otherwise deformed, the coupling performance for microlenses is dependent solely on the curvature at the 
face of the fiber surface. While the tapers shown have very ..different, structures, the encMace curvatures of 
the tenses end thus their performances are nearly equivalent The tapering of trie laser machined fihar. RG. 

58 4 is a result of specified machining commands and could be tailored to other requirements. The long 
tapered section for the etched fiber shown In FIG. 5 is a result of the taper etching process and seives no 
useful function. It may even prove detrimental in terms of fiber strength in the tapered section. 

If the rotating fiber Is moved simultaneously into and through the beam, th heating that occurs in the 
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last stages of stripping away the cladding material is sufficient to melt the fiber end, forming the type of 
microlens seen in FIG. 4. Tims, lens formation occurs in one sweep of the fiber through the beam. P™d"8 
the sweep occurs cfiag nally into and through the beam. This eliminates the step of alignment of the fiber 
center relative to the beam center, and should make lens formation very rapid. In addition, th final 
microlens curvature radius formed with this method is determined by the angle of the diagonal sweep 
through the beam. If the sweep is perpendicular to the fiber axis, the Isns formed has a very small radius of 
curvature while sweeps at angles Increasingly closer to the fiber axis cause Increasingly large curvature 
radii Once the beam parameters are determined (such as pulse length, pulse rate, power, intensity) the 
microlens curvature radius could be selected by merely specifying the required sweep angle and sweeping 
the fiber through the laser beam. Such a technique would maximally exploit the operating charactenstics of 
laser micromachfning. while decreasing the time and operator skill required for microlens fabrication. 

Evaluation of lens performance was conducted by aligning the lensed fibers with a calibrated Double 
Channel Planar Buried Heterostructure (DCPBH) semiconductor laser being used as an "injecton* laser, 
operating at 13 um. and measuring the fiber-coupled power. Three types of lenses were measured; laser 
micromachined lenses, etched tapered-electric arc-melted lenses and etched tapered-laser-melted lenses- 
Results of the evaluation are shown in Figure 6 (a, b, and c respectively}, 

Comparison of laser-mlcromachined lenses [FIG. 6(a)] with etched tapered-electric arc-melted lenses 
FIG 6<bH shows roughly similar variation magnitude, but with significantly better absolute coupling 

efficiencies for the laser-micromacninea lense**. hub ohowi v.— — — ------ 

20 not having their i-adfl of curvature correctly matched to the injection being coupled to the laser. Also, it is 
common in microlens manufacture to Increase slightly the microlens curvature radius to makethe injecbon 
laser to fiber coupling less sensitive to optical misalignments. However, it may more likely be due to the 
fact that electric arc-melting of microlenses is inherently an asymmetric process, since only two electrodes 
are used, white the laser micromachining as described herein is inherently circularly symmetric Asymmet- 
?s ric heating of th* etched tapered fiber tip has been observed to cause "drooping" of the tip as surface 
tension acts differently on the parts of the fiber tip being melted differently. In the formation of the laser- 
micramachined tenses the fiber axis Is not aligned perpendicularly to the laser beam, but rather at an acute 
angle e, to the beam, the angle being generally <f < 0 OCT to prevent the tendency of the tenses to 
"droop- towards the laser. The fact that the laser micromachining is immune to this -drooping" of microlens 
so tips may account for the resultant increased laser-fiber coupling efficiency, m the exemplary embodiment 
the lens shown in Fig. 4, was fabricated with an angle of incidence. 8 r of the laser beam (which may also 
be denoted as a sweep angle) within a range of 60* < $ < 80* . Other angles may be selected to suit a 
desired lens curvature. . _, , , . . 

As seen in FIG. 6(b) and 6(c). comparison of the etched tapered-electric arc-melted lenses with etched 
35 tapered-laser-melted lenses shows a much smaller variation magnitude for the latter lenses than for the 
etched tapered-olectrie arc-melted lenses. This is due primarily to the greater consistency of position and 
intensity of the heat output of the laser relative to the electric arc. Variation j n the electric arc heating is 
caused by wearing away of the electrodes as the arc occurs. As the electrodes wear away, the position and 
intensity of the arc heating varies accordingly. In contrast, in laser heating, the position and intensity of the 
40 heating zone are significantly more consistent, especially in the long term. 

The use of a CO2 laser in a fiber micromachining arrangement, with movement sequences programmed 
under computer control, allows formation of lenses in an inherently repeatabie, circularly symmetric manner. 
Microlens shape can be modified quickly and easily by means of the modification of a series of movement 
commands in a data fBe. Diagonal sweeping of a spinning fiber through a fixed; pulsed CO2 laser beam 
allows slmultamsous removal of cladding material and microlens formation, with the microlens curvature 
radius being determined by the sweep angle. Of course, the holder with the ©pinning fiber may be kept 
stationary and ihe laser may be moved relative to the end portion of the fiber in the similar manner and 
under the similar movement control as were described above with reference to the movement of the fiber. 
The above-.Jescribed laser micromachining technique is useful for Increasing consistency, rapidity and 
so ease of fabrication of microlenses on single-mode optical fiber- Lens radius can be controlled by controlling 
the angle of incidence of a laser beam on the fiber, as well as the intensity and duration of the laser pulses 
used for heating, in addition, it may allow for a convenient microlens fabrication on specialty fihers, such as 
pojarkajjon preserving fibers, for which microlens formation is presently difficult and for some structures is 
even impossible. 

ss In the foregoing discussion, It is to be understood that the above-desired embodiment and method of 
operation are simply niustrative of an apparatus and a method for fabricating a microlens on an optical fiber. 
Other suitable variations and modification could be made to the method and apparatus described herein, 
and still remain within the scope of the present invention. For example, an excimer laser such as an 
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ultraviolet (UV) exdmer laser may be used in place of CO2 laser operating at 10.6 tun. 
Claims 

longitudina| , to ^ in a^on of surface 

ZSLTXXZ *JX T£i JL* ** ~» * *. - - - » 

cause formation the end portion of the fiber 30 that the laser beam 

t n ^l I^ST* claim 1 CHARACTERISED IN THAT said angle ■ to 60* < • < 80\ 
% ™ B ofS l S™ IN THAT said laser beam is produced by a CO, ^ or 

" TC T^d of claim 1. CHARACTERISED IN THAT .aid fiber is rotated about » axis at a speed 
Wrtbin a^eo^iOOto ij^JJJ^g ^sTS pulse duration * M «n microseconds. 
6 Z t.?5SS5S) IN THAT, prior to the aligning step i^pped 

8, Tne memou ot ^.n i. v ^ flhAf *u e stri&ped portion of the fiber Is inserted into 

at least sufficierrt for the formation ofthe '^J^*™;^™^,, lN THAX eald fib0f te a single- 

-sis ssssKit ssr ssss-» .w— .p-i. 

a COa laser or an exelmer laser. 
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